We studied the production of surfactin by Bacillus pumilus UFPEDA 448 in solid-state fermentation (SSF), using a medium based on okara with the addition of sugarcane bagasse as a bulking agent. The optimum proportions of okara and sugarcane bagasse were 50% each, by mass. Due to the relatively high production of proteases during SSF, pre-hydrolysis of the okara with a protease did not improve surfactin levels. The optimum temperature for surfactin production was 37
Introduction
Biosurfactants are amphiphilic compounds with emulsifying, wetting, solubilizing, detergent and phase-dispersing properties that are produced by living organisms, predominantly microorganisms [1] . Types of biosurfactants include glycolipids, lipopeptides, lipoproteins, fatty acids, neutral lipids and phospholipids [2] . In comparison with chemically synthesized surfactants, biosurfactants have the advantage of lower toxicity and higher biodegradability, and they also maintain their surface active properties in extremes of temperature, pH and salinity [3] . A further advantage is that they can be produced from renewable resources [4] . As a result of these advantages, they have been considered for use in various industries, including the petroleum, food and pharmaceutical industries.
Lipopeptides are amongst the most efficient surfactants [5] . They are composed of peptides linked to fatty acids, with the peptide moiety often being cyclic and either being neutral or having a However, its high cost means that its use would be prohibitive in applications requiring gram to kilogram quantities. One possible strategy for reducing the cost of surfactin would be to produce it in solid-state fermentation (SSF), using agro-industrial residues as substrates [14] . Various studies for the production of surfactin using different strains of Bacillus cultivated in SSF have been carried out using wheat bran or okara [15] [16] [17] . Okara is a solid residue that is generated during the production of soybean milk. Although it contains approximately 25% protein, most of these proteins are insoluble [18] . Since various authors have reported that supplementation with free amino acids increases surfactin production by B. subtilis in SmF [19] [20] [21] [22] , we hypothesized that a pre-hydrolysis of the okara with a protease would increase surfactin levels in SSF.
Okara has a tendency to form a compact mass during SSF processes. This leads to low production levels at small scale [15] and would also make heat and mass transfer quite difficult within a large-scale production bioreactor [23] . The tendency of a bed of solids to compact can be counteracted by the addition of a bulking agent, namely a solid material that is mixed in with the primary solid substrate with the purpose of ensuring an open structure within the bed. Since Camilios Neto et al. [24, 25] obtained good results for the production of a rhamnolipid biosurfactant by Pseudomonas aeruginosa by adding sugarcane bagasse as a bulking agent to their solid media, we decided to use it as a bulking agent for okara.
The objectives of the current work were, therefore, to investigate whether surfactin production in solid-state fermentation of okara could be improved, firstly, by a pre-hydrolysis step and, secondly, by the addition of sugarcane bagasse as a bulking agent. We used a Brazilian strain of Bacillus pumilus (strain UFPEDA 448), which we had previously shown produces surfactin A [15] .
Materials and methods

Microorganism
B. pumilus UFPEDA 448, originally isolated from sugarcane residues, was kindly supplied by the Antibiotics Department of the Federal University of Pernambuco, Brazil. Cultures were stored in Luria Bertani-Miller medium with 40% (v/v) glycerol at −18
• C. Stored cultures were transferred first to trypticase soy agar and cultured for 24 h at 37
• C. Two colonies were then transferred to 50 mL Luria Bertani-Miller medium in 250 mL Erlenmeyers and incubated at 37
• C and 200 rpm in an orbital shaker. Once the optical density at 600 nm reached 0.8-1.0, this culture was used as inoculum, either for SmF or SSF.
Submerged fermentation and solid-state fermentation in flasks
Submerged fermentations were done in 250 mL Erlenmeyer flasks containing 50 mL of mineral salts medium with 4% (w/v) glycerol added as a carbon source. Mineral salts medium was modified from Cooper et al. [26] and contained (g L −1 ): (NH4)2HPO4 0.39; Na2HPO4 5.67; KH2PO4 4.08; CaCl2·2H2O 0.001; MgSO4·7H2O 0.197; MnSO4·7H2O 0.002; FeSO4·7H2O 0.015, with the pH being adjusted to 7.0. In various experiments this medium was supplemented with 5% (w/v) soy peptone (Sigma-Aldrich, St. Louis, USA), 10% (w/v) hydrolyzed okara (see Section 2.3) or 10% (w/v) unhydrolyzed okara. Media were autoclaved for 20 min at 121
• C. After cooling, 4% (v/v) inoculum was added. Flasks were incubated at 37
• C and 200 rpm on an orbital shaker.
Solid-state fermentations were also undertaken in 250 mL Erlenmeyer flasks. They contained 5 g of sugarcane bagasse and mineral salts medium supplemented with 4% (w/v) glycerol. This is the same liquid medium as that used in SmF, although when used in SSF it is referred to as "impregnating solution" (IS). In some experiments, either 25 mL of 5% (w/v) soy peptone or 50 mL of 10% (w/v) okara (either hydrolyzed or unhydrolyzed), prepared in mineral salts medium with 4% (w/v) glycerol, was used to impregnate the sugarcane bagasse. Since soy peptone is soluble whereas okara and sugarcane bagasse are insoluble, this gives the same final ratio of liquid volume to mass of insoluble solids in both cases, and corresponds to a moisture content of 73% (w/w, wet basis). The sugarcane bagasse, kindly provided by Usina de Álcool Melhoramentos (Jussara, State of Paraná, Brazil), was prepared by washing it thrice with water, then drying it at 60
• C for 48 h. It was then sieved: the fraction used was that which passed through a sieve with 1.7 mm openings but which was retained by a sieve with 0.85 mm openings. Okara was kindly provided by Cocamar (Maringá, State of Paraná, Brazil) and was prepared by drying at 60
• C for 48 h. It was then ground in a blender and sieved, with the fraction which passed through a sieve with 0.5 mm openings being used. Flasks were autoclaved at 121
• C for 20 min. After cooling, a volume of inoculum equal to 4% of the volume of the impregnating solution was added. Flasks were incubated at 37
• C.
Effect of enzymatic pre-hydrolysis of okara with protease
A suspension of 20% (w/v) okara was prepared in 0.2 mol L −1 Tris-HCl buffer, pH 8.5, and sterilized at 121
• C for 20 min. Alcalase 2.4L ® (Novozymes Latin America), with an activity of 777 U mL −1 against azocasein, was added at a concentration of 0.25% (v/v) and the mixture was incubated on an orbital agitator at 50
• C and 200 rpm. After 24 h, the solution was boiled for 5 min to stop the reaction. This suspension was diluted with the mineral salts solution to give the 10% (w/v) hydrolyzed okara preparation (this percentage being based on the original mass of okara added). To determine the degree of hydrolysis (DH), a 20% (w/v) suspension of hydrolyzed okara was vacuum filtered through gauze and then centrifuged at 6250 × g for 15 min. The degree of hydrolysis of the supernatant was determined using the biuret reaction [27] .
In the fermentation experiment, we compared the production of surfactin with either "hydrolyzed" or "unhydrolyzed" okara, in both SmF and SSF. As a positive control, we also did SmF with the addition of commercial soy peptone (which is produced using papain), as this contains a mixture of peptides and free amino acids. As a negative control we did SmF with the addition of mineral salts and glycerol only (i.e. no protein source at all).
Solid-state fermentation in Raimbault columns
The "Raimbault column bioreactor" used in this study was described by Raimbault and Alazard [28] (see Supplementary Fig. S1 ). Each column was prepared as follows. Fourteen grams (on a dry basis) of a 1:1 mixture of sugarcane bagasse and unhydrolyzed okara, which had been previously wetted with 55 mL of impregnating solution, was autoclaved at 121
• C for 20 min. A volume of inoculum equal to 4% of the volume of the impregnating solution was added. The solid was packed into a column (20 cm height × 4 cm diameter), which was then placed on top of a humidifying chamber in a 37
• C water bath. This gave an initial moisture content of 74% (w/w, wet basis). The column received an air flow rate of 200 mL min −1 (at the atmospheric pressure of Curitiba, which is approximately 0.9 atm). The O2 level in the outlet was monitored with a CI-6562 sensor and logged using the CI-6871G DataStudio ® data acquisition software (both of Pasco ® , Roseville, USA).
Extraction and quantification of the biosurfactant
In the case of SSF, after the culture, the whole flask or column contents were thoroughly mixed and then 100 mL of water was added. The suspension was then agitated at 200 rpm and 37
• C for 1 h to extract surfactin. The contents were then filtered through gauze, with the excess liquid being squeezed out manually. In the case of SmF, the culture medium was harvested directly from the flask. In both cases a cell-free preparation was prepared by then centrifuging at 12,500 × g for 10 min and 25
• C. The supernatant was used for determination of protease activity or for the extraction and quantification of surfactin.
For surfactin quantification, the cell-free preparation was acidified with HCl (6 mol L −1 ) to pH 2.0, then left for 12 h at 4
• C to precipitate the biosurfactant. The precipitate was removed by centrifugation at 12,500 × g for 10 min at 4
• C, then dissolved in 15 mL distilled water, the pH being adjusted to 7.0 with 1 mol L −1 NaOH. The resulting solution was extracted thrice with a chloroform:methanol (4:1, v/v) mixture. The solvent was evaporated from the extract at 40
• C in a rotary evaporator under reduced pressure, giving a residual fraction denominated "organic extract" [29] .
Each sample was dissolved in acetonitrile:metanol (1:1, v/v) (2 mg mL −1 ) and 20 L was injected into a Waters (Milford, USA) HPLC equipped with an X-Terra reverse phase C18 column (250 mm × 4.6 mm, pore size 80Å, particle diameter 5 m), maintained at 30
• C. It was eluted isocratically with a mixture of acetonitrile and trifluoroacetic acid (3.8 mmol L −1 , 80:20, v/v) at a flow rate of 0.6 mL min −1 . The absorbance of the eluent was monitored at 205 nm [30] . Commercial surfactin (Sigma-Aldrich, St. Louis, USA) was used as a standard.
Determination of protease activity
A 0.5 mL aliquot of cell-free preparation was added to 1.0 mL of a solution containing 0.2% (w/v) azocasein in 0.2 mol L −1 Tris-HCl buffer, pH 8.5, and incubated at 70
• C for 10 min [31] . The reaction was stopped by the addition of 0.5 mL trichloroacetic acid, 15% (w/v), and the mixture was then centrifuged at 15,000 × g for 5 min at 4
• C. The supernatant then received 0.5 mL of 1 mol L −1 NaOH and the absorbance was read at 420 nm. A unit of activity produces a 0.01 absorbance unit difference at 420 nm between the sample and its blank assay, per minute, under the assay conditions.
Optimization of surfactin production in Raimbault columns
A rotatable Central Composite Design was undertaken, consisting of a full factorial design at two levels, with four additional axial points and a triplicate at the central point. On the basis of a preliminary investigation, the independent variables for this experiment were selected as the concentration of (NH4)2HPO4 in the impregnating solution (represented by the coded variable X1) and the relative amounts of okara and sugarcane bagasse in the solid substrate (represented by the coded variable X2). The response variable was the surfactin level at 48 h (mg L-IS −1 ). The regression and the analyses of statistical significance were done using Statistica ® , version 6.0.
Tensioactive properties of the lipopeptide produced in solid-state fermentation
The surfactant properties were determined using an aqueous solution of lipopeptide (1 mg mL −1 ). This was prepared from the organic extract obtained from a 48 h culture undertaken in Raimbault columns at 37
• C, using a 1:1 (by mass) mixture of sugarcane bagasse and unhydrolyzed okara.
The surface tension was determined using a Du-Nouy Tensiometer (Kruss K12, Germany) at 25
• C, using the ring correction mode of the instrument. The critical micelle concentration (CMC) corresponds to the point where there is an abrupt change in the slope of a plot of surface tension against surfactant concentration [32] .
The emulsification index was determined as described by Cooper and Goldenberg [33] , with the addition of 6 mL of the compound to be tested to 4 mL of a 1 mg mL −1 solution of the lipopeptide. Each mixture was vortexed at high speed for 2 min and then left standing at room temperature. The emulsification index at 24 h (written as E24) was determined as the height of the emulsified layer, expressed as a percentage of the total height of the liquid column.
Results
Effect of pre-hydrolysis of okara on the production of surfactin
In SmF, the maximum surfactin concentration in the mineralsalts-glycerol medium was only 38 mg L −1 . With soy peptone it was 799 mg L −1 (Fig. 1A) , which is consistent with the 827 mg L −1 obtained by Peypoux and Michel [21] using a medium based on glucose supplemented with amino acids. The values obtained with the addition of okara were intermediate, with the maximum surfactin concentration that was obtained with the addition of hydrolyzed okara (359 mg L −1 ) being almost threefold higher than that obtained with the addition of unhydrolyzed okara (126 mg L −1 ). The greater surfactin level obtained with soy peptone (DH = 58%) than with hydrolyzed okara (DH = 18%) was probably due to its higher amino acid content.
In the case of SSF, it is useful to report biosurfactant concentrations based on the volume of impregnating solution used (i.e. as mg L-IS −1 ) [24] . The maximum surfactin concentration obtained with the addition of soy peptone was 1156 mg L-IS −1 (Fig. 1B) . The surfactin concentrations obtained with the addition of okara were lower than this value, but, unlike the case in SmF, there was relatively little difference in the profiles obtained with unhydrolyzed okara and with hydrolyzed okara, with maximum surfactin concentrations of 351 and 380 mg L-IS −1 , respectively (Fig. 1B) .
Comparisons can be made between SSF and SmF by comparing the quantity of surfactin per volume of impregnating solution used in SSF with the concentration in SmF. On this basis, in the presence of unhydrolyzed okara, the maximum production of surfactin in SSF (351 mg L-IS −1 ) was almost threefold higher than the maximum concentration obtained in SmF (126 mg L −1 ). On the other hand, in the presence of hydrolyzed okara, the maximum surfactin levels were quite similar in SSF (380 mg L-IS −1 ) and SmF (359 mg L −1 ) (Fig. 1B) . Interestingly, in the presence of soy peptone, the maximum level of 1156 mg L-IS −1 obtained in SSF was significantly higher than the 799 mg L −1 obtained in SmF.
We explored these results by determining protease activities during the cultivations. Protease activities were low for cultivation on soy peptone, reaching levels of around 79 U mL −1 for SmF and 87 U mL-IS −1 for SSF by 72 h (Fig. 2A) . The results with okara ( Fig. 2B) give an insight as to why pre-hydrolysis of the okara was not as effective in SSF as it was in SmF: production of proteases was significantly higher for SSF than for the corresponding cultivation in SmF. Specifically, for unhydrolyzed okara the proteolytic activity at 72 h was 11.6-fold higher for SSF (442 U mL-IS −1 ) than for SmF (38 U mL −1 ), while for hydrolyzed okara the proteolytic activity at 72 h was 4.4-fold higher for SSF (356 U mL-IS −1 ) for than for SmF (82 U mL −1 ). Since one of the motivations of the current work was to reduce the costs of producing lipopeptides, the addition of soy peptone was not considered for the remaining studies. Given that in SSF there were no significant differences in surfactin production by B. pumilus on hydrolyzed and unhydrolyzed okara, the remaining experiments were done with the addition of unhydrolyzed okara to the sugarcane bagasse.
3.2. Effect of temperature on the production of surfactin by B. pumilus in SSF B. pumilus produced the highest level of surfactin, 484 mg L-IS −1 at 60 h, at 37 • C (Fig. 3) . At 45 • C the surfactin level peaked at 108 mg L-IS −1 at 36 h and then decreased. At both 25 • C and 30 • C, the surfactin content was still increasing at 72 h, but the productivity was relatively low. In fact, the highest productivity the range of 69-73% (w/w, wet basis) for incubation at 25, 30 and 37 • C, but at 45 • C it decreased to 60% at 48 h. The surfactin produced by B. pumilus UFPEDA 448 is a mixture of five homologues, with the overall number of carbon atoms in the fatty acid chain varying from 12 to 16. These homologues elute separately on the HPLC (Fig. 4) , and will hereafter be referred to as "C 12 " to "C 16 • C, on a solid based on a 1:1 (w/w) mixture of sugarcane bagasse and okara. The ordinate gives the absorbance units (AU) of the peaks at 205 nm. The retention times are peak 1 = 9.733 min, peak 2 = 10.888 min, peak 3 = 13.054 min, peak 4 = 13.768 min and peak 5 = 15.461 min. Peaks 1-5 correspond to the homologues containing fatty acids with 12-16 carbons, respectively. be in one of three configurations: n (totally linear), iso (a methyl group on the penultimate carbon) or anteiso (a methyl group on the ante-penultimate carbon) [15] .
The cultivation temperature affected the relative rates of production of the various homologues (Fig. 5) . The greatest difference occurred at 45 • C: at this temperature C 16 was not detected and C 14 peaked at a level of only 3.5 mg L-IS −1 at 36 h, whereas these two homologues reached levels of at least 40 mg L-IS −1 at the lower temperatures.
Optimization of production of surfactin by SSF
The maximum surfactin content in the flask experiment reported in Fig. 3 was 484 mg L-IS −1 at 60 h, obtained at 37 • C. Cultivation of B. pumilus in the Raimbault column bioreactor under the same conditions, but with forced aeration at 200 mL min −1 , improved surfactin production, with a maximum content of 640 mg L-IS −1 at 48 h. We therefore used this fermentation system for the factorially designed optimization experiment. Table 1 Eq. (1) adjusted well to the results (R 2 = 0.99). The linear and quadratic terms were all significant (p < 0.05) but not the term describing interaction between the two independent variables (p > 0.05) ( Table 2 ). The model itself was highly significant, with a very low p-value and a calculated F-value over 36 times higher than the tabulated value.
Eq. (1) predicts a maximum surfactin concentration of 811 mg L-IS −1 , obtained with 0.8 mg L −1 of (NH 4 ) 2 HPO 4 in the impregnating solution and with 50% each of okara and sugarcane bagasse. The time course of surfactin production in Raimbault columns under these conditions was followed over 72 h. The highest surfactin level, of 809 mg L-IS −1 at 48 h (Fig. 6 ), is consistent with the result of the factorially designed experiment and is 1.3-fold higher than the 640 mg L-IS −1 obtained at 48 h in the first experiment carried out in the column bioreactor, which had a lower (NH 4 ) 2 HPO 4 concentration of 0.4 g L −1 . During the cultivation, the temperature of the bed remained at 37 • C while the moisture content increased from 74% to 85%. The O 2 consumption rate remained quite low for the first 30 h, then increased to a peak value of about 20 mmol min −1 kg-IDS −1 (i.e. mmol min −1 kg-initial-dry-solids −1 ) at 48 h.
Tensioactive properties of the lipopeptide produced in SSF
The lipopeptide produced by B. pumilus UFPEDA 448 in SSF in Raimbault columns had excellent tensioative properties, reducing the surface tension of water from 72 mN m −1 to 27 mN m −1 . The critical micellar concentration (CMC) was 12.2 mg L −1 .
Given that one of the key properties of biosurfactants is their capacity to form emulsions, the emulsion indexes at 24 h (E 24 ) were determined against different hydrocarbons and vegetable oils ( Table 3 ). The best result, an E 24 value of 82%, was obtained with a The surfactin solution was prepared at a concentration of 1 mg mL −1 . The values represent the means of triplicates ± standard error of the mean. motor oil. Values of E 24 were around 50-60% for most of the vegetable oils tested and for toluene and gasoline.
Discussion
Production of surfactin in SSF
The use of sugarcane bagasse as a bulking agent enabled us to produce the highest values yet reported for the production of surfactin in solid-state fermentation with a non-recombinant strain. Our best value of 809 mg L-IS −1 corresponds to 3.3 g kg-DS −1 (i.e. g kg-dry-solids −1 ). The only previous studies of surfactin production in SSF involve strains of B. subtilis grown on okara [15] [16] [17] . Our best level is higher than the value of 2.5 g kg-DS −1 obtained by Ohno et al. [17] with a non-recombinant strain (Table 4) . However, it is lower than the value of 2 g kg −1 of moist solids obtained by Ohno et al. [16] with a recombinant strain: given their moisture content of 82% (w/w, wet basis), this is equivalent to 10 g kg-DS −1 . The level reported in the current paper is also higher than the previous maximum levels that our own group obtained in SSF using the same strain of B. pumilus, being 205 mg L-IS −1 for a medium based on okara alone and 210 mg L-IS −1 for a medium based on okara with polyurethane foam as a bulking agent [15] .
Considerations about large scale production of lipopeptides in SSF
Since our organism is not recombinant, it has potential to be used in a large-scale process without the need for special containment facilities, unlike the recombinant strain used by Ohno et al. [16] . Our respirometry results give an insight into the challenges that will be faced: Based on a yield factor of 520 kJ mol −1 of O 2 consumed [34] , our maximum O 2 uptake rate of 20 mmol min −1 kg-IDS −1 corresponds to a waste metabolic heat production rate of 182 W kg-IDS −1 . Since rates of 14-17 W kg-IDS −1 have led to bed temperatures up to 20 • C higher than the inlet air temperature in a packed bed containing 2 kg of dry substrate [35] , it is clear that special attention will need to be given to heat removal in any large-scale SSF process for surfactin production. One possibility might be to use large-scale tray-type koji bioreactors, or even special designs that combine forced aeration with the use of internal heat transfer plates, such as the Zymotis, Plafractor and Prophyta reactors that were reviewed by Durand [36] , however, these designs are mechanically complex and substrate handling may become quite labor intensive. Several authors have studied the production of surfactin and a related lipopeptide, iturin A, by SSF (Table 4) [15] [16] [17] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Notably, preliminary scale-up studies were undertaken for the production of iturin A using packed-bed bioreactors containing either 2 kg of moist okara [37] or 3 kg of dry okara wetted with a nutrient solution [38] . However, a solid bed based solely on okara is unlikely to be appropriate at large scale, as it tends to form a compact mass that hinders air flow through the bed and will therefore greatly restrict gas transfer and heat removal [37, 38] . Addition of a bulking agent, such as the sugarcane bagasse used in the current work, gives beds with better characteristics: In a medium prepared solely with okara, the porosity (volume of voids per volume total) was only 0.27, while in the medium with a 50:50 mixture by mass of sugarcane bagasse and okara the porosity was 0.62. At large scale high porosities are desirable in order to promote a uniform air flow and avoid high pressure drops [47] .
Insights into the effects of proteolysis of okara in SmF and SSF
We had hypothesized that treatment of okara with proteases would stimulate the production of higher surfactin levels. This was indeed the case in SmF, but did not occur in SSF. Our interpretation is the following: even if unhydrolyzed okara is added, the higher proteolytic activities that are encountered in SSF provide sufficient hydrolysis of the okara during the fermentation itself to stimulate surfactin production. For SmF, the low proteolytic activities that are encountered do not lead to effective hydrolysis of the okara during the fermentation itself, so in this case it is necessary to have a pre-hydrolysis step if okara is used to substitute soy peptone.
The effects of temperature on the production of surfactin homologues
We have shown, for the first time, that the proportions of the homologues of surfactin produced depend on the incubation temperature. This result may have important consequences for commercial production of surfactin by SSF since control of the bed temperature is often difficult at large scale [23] .
The only previous study on the effect of the temperature on the production of lipopeptides in SSF, by Ohno et al. [17] , involved homologues of iturin A and a single time point: These authors showed that an increase in the cultivation temperature from 23 to 37 • C decreased the proportion of the n-C 14 iturin A homologue and a In these cases the mass reported by the authors was that of a partially purified preparation. The true CMC in terms of the mass of surfactin would be lower than this value. increased the proportion of the n-C 16 homologue, while the proportions of the anteiso-C 15 , iso-C 15 and iso-C 16 homologues remained essentially constant.
In our own work, the C 15 homologues were amongst the most abundant homologues at all temperatures tested (see the curves for peak 4 in Fig. 5 ). This is not surprising: the fatty acid moieties of lipopeptides are synthesized de novo, using metabolic pathways common to those for the synthesis of fatty acids destined for the cell membrane [48] and, in the case of B. subtilis, 13-methyltetradecanoic acid (iso-C 15 ) is the most abundant homologue [49] . The great reduction in the level of C 14 and the disappearance of C 16 at 45 • C in the current work may simply reflect the effect of temperature on the synthesis of fatty acids for the cell membrane. Studies into the effect of temperature on the composition of the cell membrane of various Bacillus species have been undertaken, although they do not provide sufficient information to draw out a general rule [49] [50] [51] .
Properties of the biosurfactant produced in SSF
The surfactin produced in SSF has tensioactive properties similar to those already reported for surfactin produced by SmF. It was important to check this since it is quite possible that the fermentation method would significantly affect the proportions of the different homologues produced, with consequent differences in the tensioactive properties. Our CMC of 12.2 mg L −1 is close to previously reported values of 10-14 mg L −1 [32, [52] [53] [54] . Our value of E 24 of 82% against motor oil is close to that obtained by Cameotra and Makkar [55] , who studied the properties of surfactin produced by B. subtilis MTCC2423 in SmF (Table 5) .
